This research is conducted to develop a model to predict the effective diffusion coefficients of substances (D e ) in concrete considering the spatial properties of composite materials. In this model, concrete is assumed to be composed of cement paste, an interfacial transition zone and aggregate, and the spatial properties of each material are considered with random arrangement of each material. D e in concrete is calculated based on the calculation results for the cement paste and interfacial transition zone. The proposed model can appropriately evaluate D e in concrete in previous research. The influence of the spatial properties of each composite material on the dispersion of D e is analytically investigated. The influence of cement particle arrangement is larger than that of fine and coarse aggregate, and the lower W/C , the greater that influence. Moreover, the influence of the interfacial transition zone on chloride ion diffusivity in concrete is also analyzed. This influence was found to be quite large, so that the interfacial transition zone should be taken into account for simulating diffusion in cementitious materials. In this model, the pore structure of cement paste is very simplified. Thus, it is necessary to examine the correspondence of the modeled pore structure and the actual pore structure.
Introduction
The transport of substances through concrete is closely related to the deterioration of concrete structures. A large number of research projects have been conducted on the simulation of ions transportation, water movement, and so on. In case of chloride ion transportation through concrete, various models, such as a theoretical model (Maruya et al. 2003) , an empirical model (Kato et al. 2005) , etc., have been proposed. A diffusion coefficient of chloride ions in concrete was obtained from the experimental results of these works, however there are few diffusion models that consider the characteristics of composite materials. To deal with this situation, Yokozeki et al. (2003) proposed a model to estimate ion diffusion coefficients in cementitious materials. In this model, the relation between pore-structures of cement paste and diffusion coefficients has been formulated based on the previous research (Garboczi et al. 1992) . The influence of aggregate on the diffusion properties of concrete has also been considered based on the previous research (Hisada et al. 1998 ). This is a very useful model to estimate the diffusion coefficients of ions in cementitious materials, which do not require direct experiments. However, the spatial arrangements of fine and coarse aggregate in concrete and the pore structure of hardened cement paste are considered to be different, even if the mix proportions are the same.
Therefore, when we predict deterioration of concrete structures by using the above-mentioned models, there is the possibility that an appropriate prediction result cannot be obtained. The purpose of this research is to propose a new prediction model of effective diffusion coefficients of substances in concrete considering the spatial properties of composite materials. Actually, when concrete deteriorations due to salt attack, carbonation and so on are predicted, it is necessary to consider not only material diffusivity but also other factors, such as the binding of chloride ions, reactions, and so on. However, other factors are not targeted for this research. It is emphasized again that the purpose of this research is to predict the effective diffusion coefficients of substances in concrete. The model assumes that arrangements of fine and coarse aggregate and the pore structures of hardened cement paste and interfacial transition zone can be expressed by using a random arrangement of aggregates and hydration products. The shapes of cement particles and aggregate are assumed as a circle and a square, respectively. Further, the average particle sizes of each material are used in this model disregarding the particle size distributions of each material. Chloride ions are selected as the diffusing substance, and pore structures are always filled with water.
Modeling of microstructure of concrete

Modeling of chloride ion diffusion
Fick's Second Law is used to simulate chloride ion diffusion in concrete, and the pore structure of the matrix is always filled with water.
where c = concentration of chloride ion and D = diffusion coefficient of chloride ion (m 2 /s). In order to simulate chloride ion diffusion considering the influences of composite materials, the diffusion coefficients of chloride ions in each material are respectively required. Here, the effective diffusion coefficients of ions in porous media (D i ), such as cementitious materials, can be expressed as Eq. (2) (Ujike 1994) .
where D d = diffusion coefficient of ions in dilute solution (m 2 /s), ε = pore volume ratio, and τ = tortuosity.
From this equation, it can be considered that it is very important how to model spatial properties (pore volume ratio and tortuosity) of composite materials. In this research, concrete is assumed to be composed of three phases: 1) cement paste, 2) interfacial transition zone (ITZ), and 3) aggregate. Modeling of the pore structures of cement paste and ITZ is described in the following sections. Figure 1 shows the pore structure for a water-to-cement ratio (W/C) of 0.5 measured by Mercury Intrusion Porosimetry (MIP). MIP is usually used to measure the pore structures of cementitious materials, although it has been reported that the measurement result cannot reproduce an actual pore structure because of the ink-bottle effect (Goto 1995) . To deal with this problem, some researchers tried to simulate the development of the pore structure of hardened cement paste in visual (Bentz 1997) . However, it is very difficult to apply these methods to simulate the diffusion in concrete because actual pore structures are very complex.
Modeling of pore structure
In this research, the pore structures of hardened cement paste and ITZ are assumed to be obtained by using random arrangement of the solid phases. Figure 2 shows images of the modeling of pore structures. Here differences in tortuosity are assumed to be simulated by this method. As a result, when the pore volume ratio is calculated from the mix proportions and degree of hydration, the pore-structure in concrete can be simulated.
Modeling of pore structure of cement paste
In modeling of pore structure of cement paste, the hydration products are randomly arranged taking the influence of W/C into consideration. Cement particles are idealized as spheres and a unit cell consisting of a particle and water at the initial stage is defined as shown in Fig. 3 (white area represents water and gray area represents cement particle). The length of a unit cell (l) can be automatically calculated by Eq. (3) based on the mix proportions. The cement particle is randomly placed within the unit cell. The hydration products (dark gray square marks in Fig. 3 ) are assumed to be randomly generated inside the white area in the unit cell. The pore volume to white area (initial water content) ratio is called conversion pore volume ratio (ε cv ). The conversion pore volume ratio can be estimated by Eq. (4). Strictly speaking, this assumption differs from the actual hydration process because some hydration products are generated in the cement particle itself and on the surface of the cement particle. However, for the sake of simplicity, this assumption is applied to the modeling of cement paste. The pore structure of cement paste is assumed to be expressible in 10 × 10 unit cells. where r c = cement particle radius (20 × 10 -6 (m)), V w = water content per unit cement paste volume, V c = cement content per unit cement paste volume, and ε cp = pore volume to cement paste ratio.
For example, in the case of W/C = 0.5 and ε cp = 0.26, the conversion pore volume ratio, which is equal to 1 initially, is calculated as 0.43.
The pore volume to cement paste ratio is calculated by Eq. (5), which is obtained from regression analysis based on experimental results (Iyoda 2003 ) (see Fig. 4 ).
where HD = hydration degree. Figure 5 shows the measurement results of pore volume of the ITZ to mortar ratio (P ITZm ) based on an estimation method proposed by Uchikawa et al (1993) . OS, LS, MS and SS are kinds of fine aggregate and LS, MS and SS were obtained from sieving fine aggregate (OS). These properties are shown in Table 1 . V s is the unit volume of fine aggregate and V slim is the percentage of solid volume of fine aggregate.
Modeling of pore structure of interfacial transition zone
The pore volume ratio in ITZ (P ITZ ) is needed to predict the effective diffusion coefficient of chloride ions in concrete. ITZ is basically assumed to exist around all aggregates. The pore volume ratio in ITZ can be formularized as Eq. (6).
where S a = specific surface area of aggregate (m 2 /m 3 ), V a = unit volume of aggregate, and T ITZ = thickness of ITZ (m).
The thickness of ITZ was required to calculate the pore volume ratio in ITZ. Actually, it is very difficult to measure the thickness of ITZ. Further, even when it can be measured using observation equipment such as SEM, the measurement result shows only a local characteristic. Therefore, in this study, the thickness of ITZ was calculated through numerical analysis based on the mechanism of ITZ formation. The thickness of ITZ is considered to be determined by the wall effect and segregation due to bleeding. In addition, the pore volume ratio in ITZ is determined by the amount of hydration products in the ITZ area (Kato 1999) . The thickness of ITZ is simply calculated by considering the influence of the wall effect and bleeding. These approaches are described in the following sections.
(1) Estimation of thickness of ITZ due to wall effect The wall effect is simulated using the method proposed by Garboczi et al. (1991) . Figure 6 shows the concept of this simulation method. For the sake of simplicity, cement particles are idealized circles and aggregates are idealized squares. Aggregate is assumed to be arranged in cement paste uniformly as shown in Fig. 7 . The distance between aggregates (d a ) can be automatically calculated based on the mix proportions (Eq. (7)). That is to say, the influence of the mix proportions is considered as the distance between aggregates and the number of cement particles. Cement particles are randomly arranged. Distances from an aggregate to cement particles are calculated (see arrow mark in Fig. 6 ) and the average of these distances is assumed to be the thickness of ITZ by the wall effect (T ITZ-W ). The simulation frequency under the same condition was 100 times.
where d ave = average diameter of aggregate (m).
Figures 8 to 10 show examples of calculated results. In the case of aggregate with a small particle size, the thickness of ITZ decreases with increases in the unit volume of the aggregate. On the other hand, when the particle size of the aggregate is 1 (mm) or more, the thickness of ITZ remains almost constant regardless of whether or not the unit volume of aggregate is changed. In addition, the thickness of ITZ increases with increases in W/C.
(2) Estimation of thickness of ITZ due to bleeding It is assumed that ITZ due to bleeding is formed by the movement of free water under aggregates. In this research, the thickness of ITZ due to bleeding (T ITZ-B ) is calculated with the following assumptions.
1)The amount of free water to cement paste ratio (V fwr ) remains constant in the same W/C regardless of the existence of aggregates (see Fig. 11 ) 2)The amount of free water to cement paste ratio (V fwr ) is equal to the amount of dehydration of cement paste obtained from the centrifuge examination result (see Fig.  12 , Kato et al. 2004 ).
3)The water in the increment area by the wall effect (doted area in Fig. 11 ) (V iaw ) consumes the free water. 4)The free water rises uniformly. The free water that comes in contact with the aggregates forms ITZ (see Fig.  11 ). 5)ITZ by bleeding occurs on the lower side of the aggregates (see Fig. 11 ). Figure 13 shows the calculation results of the thickness of ITZ by bleeding. Comparing these figures, the influence of bleeding on the thickness of ITZ is extremely large in case of coarse aggregate. These calculation results do not express actual situations because these conditions do not include both fine aggregates and coarse aggregates. For instance, the thickness of ITZ by bleeding based on the following mix-proportion (see Table 2 ) was simulated. The calculated thickness of ITZ of lower side of fine aggregate is 1.8 (µm) and that of coarse aggregate is 50 (µm). Adding the thickness of ITZ by wall effect to these results, the thickness of ITZ on the upper and lower sides of coarse aggregate were calculated as 30 (µm) and 80 (µm), respectively. Based on previous research, Uchikawa (1988) reported that the thickness of ITZ ranges from 30 to 40 (µm), and Scrivener et al. (1996) also reported that the thickness of ITZ ranges from 30 to 100 (µm). Therefore, it is concluded that the thickness of ITZ can be simulated by the proposed method. Measurement results of pore structure by MIP are needed to calculate the pore volume ratio in ITZ of coarse aggregate. However, this ratio is very difficult to measure due to the sample size, and the measurement results may also vary widely. Therefore, the pore volume ratio in ITZ of coarse aggregate was set to 0.6 this time.
Estimation of effective diffusion coefficients of chloride ions in each phase
Effective diffusion coefficient of chloride ions in porous media
As already mentioned in Chapter 2, the distribution of the concentration of chloride ions in porous media is calculated by finite diffusion analysis with the pore structure model (Fig. 2) . The diffusion coefficient of chloride ions in pores was set to be 2.03 × 10 -9 (m 2 /s), which is the diffusion coefficient of chloride ions in a dilute solution at 25 degrees Celsius. The diffusion coefficient of chloride ions in the solid phase was set to be 0 (m 2 /s), and the calculation frequency was 100 times. Analysis elements were 100 × 100, and the solid phases were randomly generated according to the pore volume ratio (ε). This simulation only evaluates the tortuosity in porous media, which is defined as shown in Fig. 2 . Thus, the length unit of the analytical element does not have a significant meaning.
The concentrations of chloride ions at points where the distance from the boundary is the same, were not same, because the analytical area was composed of pores and solid phases. Therefore, the concentrations of chloride ions at those points were averaged. The effective diffusion coefficient of chloride ions in porous media (D p ) can be calculated by Eq. (8) Figure 15 shows a sample calculation of D p . The plots in this figure represent the average concentration of chloride ion at each distance (x) and the solid line is the regression curve based on Eq. (8). Figure 16 shows the calculation results. The gray solid line shows the calculation results for tortuosity = 1 regardless of whether or not the pore volume ratio is changed and the black doted line shows the average value of 100 calculations ± standard deviation. The tortuosity was also calculated by Eq. (2) with D p . These results show that a diffusion flow begins to appear when the pore volume ratio exceeds 0.3, and the tortuosity becomes close to 1 at a pore volume ratio of 0.8. The calculation result was used as the effective diffusion coefficient of chloride ions in the pore of cement paste (white area in Fig. 3 ) and in ITZ.
Effective diffusion coefficient of chloride ions in cement paste
The effective diffusion coefficient of chloride ions in cement paste (D cp ) was calculated by the following method. The diffusion coefficient of chloride ions in the cement particle area (gray circle in Fig. 3 ) was set to 0 (m 2 /s) and the effective diffusion coefficient of chloride ions in the pore area (white area in Fig. 3 ) was obtained by the calculation result of Fig. 16 according to the pore volume ratio obtained by Eq. (5). For instance, in the case of W/C = 0.5 and the hydration degree = 0.9, the pore volume ratio of cement paste calculated with Eq. (5) 9)) proposed in the JSCE standard specifications for concrete structures (2002) is also shown in Fig. 17 (b) .
The tendency of the calculated relationship between W/C and D cp was found to be similar to that proposed by the JSCE standard specifications. Actually, the apparent diffusion coefficient in the JSCE standard specifications (D JSCE ) includes several effects, such as the effect of binding, the effect of environmental conditions and so on. On the other hands, D cp only includes the effect of diffusivity in cement paste. Strictly speaking, D cp and D JSCE cannot be directly compared. However, when apparent diffusion coefficients of chloride ions in exposed concrete specimens and actual concrete structures were calculated, the chloride ion transportation in concrete was generally considered to be a diffusion phenomenon. Thus, it was thought that D cp and D JSCE could be directly compared from the viewpoint of macro scope. It is considered that the proposed method can predict the effective diffusion coefficient of chloride ions in hardened cement paste with reasonable accuracy.
The coefficients of variation of D cp in the case of W/C = 0.4, 0.5 and 0.6 are 0.51, 0.44 and 0.28 respectively. The coefficient of variation of D cp increases with decreases in W/C, while D cp decreases with decreases in W/C. The arrangement of the cement particle sensitively is considered to greatly influence D cp of low W/C cement paste, in which a dense pore structure is formed. Figure 18 shows the calculation procedure for estimating the effective diffusion coefficient of chloride ions in mortar and concrete. Here, the assumed particle size of fine aggregate was set to 3 (mm) and that of coarse aggregate was set to 9 (mm), and the assumed particle shape was a square. Each calculation frequency was 100 times. The coefficients of variation of the effective diffusion coefficients of chloride ions in mortar and concrete were calculated based on the results of 100 calculations. Figure 19 shows the calculation results of relationships between the unit volume of fine aggregate (V s ) and the effective diffusion coefficient of chloride ions in mortar (D m ). In this calculation, the average values are used as the effective diffusion coefficients of chloride ions in cement paste and ITZ. D m decreases with increases in V s and its decreasing ratio becomes smaller as V s increases.
Estimation of effective diffusion coefficient of chloride ions in concrete
Effective diffusion coefficient of chloride ions in mortar
The tortuosity increases with increases in V s until around V s = 0.6, and its decreases afterwards. This phenomenon is considered to be caused by connectivity of ITZ. In order to clarify this phenomenon, the relationship between V s and the results of dividing D m by the unit volume of cement paste (V cp ) are shown in Fig. 20 . The effective diffusion coefficient of chloride ions in mortar per unit volume of cement paste (D m / V cp ) increases gradually when V s is larger than 0.6. The influence of the connection of ITZ on diffusion speed increases is considered to be larger than the influence of the unit volume of fine aggregate on diffusion speed decreases. According to the previous research (Maekawa et al. 1999) , it was reported that the permeability coefficient in mortar increased when the unit volume of fine aggregate to percentage of solid volume of fine aggregate ratio (V s / V slim ) was around 0.6. The verification of the calculated result by the proposed model using the previous research results is described next. In order to compare the calculation results and the experimental results, it is necessary to investigate the influence of the dimensions on mass transportation in mortar. In this research, it is assumed that the influence of the dimensions can be expressed by the distance between aggregates. This is mainly because the connectivity of ITZ increases with decreases in the distance between aggregates, so that a close relation is considered to exist between the two.
The occupation volume (V) when N particles exist in the unit volume is formulated as follows.
where g = shape factor and d = particle size. If the particle size in the state that grows until the particles come into mutual contact is referred as d + d 3D , its occupation volume (V l ) is formulated as follows.
From these equations, the distance between particles (d 3D ) is formulated as follows.
It is considered that the state that grows until the particles come into mutual contact is equal to the state where the volume is completely filled up with particles. Therefore, V l has the same meaning as the percentage of solid volume (V lim ). Eq. (12) can be converted into the following equation.
The distance between particles in 2 dimensions (d 2D ) can be formulated as follows in the same manner.
where A = occupation area and A lim = percentage of solid area.
It is assumed that it is appropriate to compare the calculation and the previous experimental result for mass transportation in mortar when the distance between particles in 2 dimensions (d 2D ) is equal to the distance be- 
The unit volume of fine aggregate to the percentage of solid volume of fine aggregate ratio (V s / V slim ) is the same as V / V lim . The percentage of the solid area of fine aggregate (A lim ) is considered to be 1.0, because the particle size of fine aggregate is equal to the minimum unit in the finite diffusion analysis. Therefore, occupation area (A) is calculated by Eq. (15) with V / V lim = 0.6 and A lim = 1.0, and its value is 0.71. From Fig. 20 , the effective diffusion coefficient of chloride ions in mortar per unit cement paste volume begins to increase at around V s = 0.7. The proposed method is thus considered as appropriate.
The influence of the arrangement of fine aggregates on the dispersion of D m was analyzed by a numeric experiment. As a result, the coefficient of variation of D m reached its maximum value at V s = 0.58, and its value is 0.08. Comparing the dispersion of D cp , the influence of the arrangement of fine aggregate on the dispersion of D m is small. Figure 21 shows the calculation results of the effective diffusion coefficient of chloride ions in concrete (D C ). The doted line shows the average value of 100 calculations ± standard deviation. In order to verify the proposed method, the previous experimental result ( Yokozeki et al. 2003 ) is also shown in this figure. It is found that the calculation results are smaller than the experimental results. As already mentioned about the influence of dimensions, the diffusion in 2 dimensions is naturally smaller than that in 3 dimensions. As for the relation between D C and W/C, the tendency of both relations is similar to that of the experimental result. From this fact, it is concluded that the proposed method may predict the effective diffusion coefficients of substances in cementitious materials with reasonable accuracy. Actually, the shapes and size distributions of cement particles and aggregates were treated as simple shapes and average sizes in this model, a choice that affects the accuracy of the calculation results. In addition, the difference in analytical dimensions also affects the accuracy of the calculation results. If the proposed method is used taking into consideration these various factors, higher accuracy will most likely be obtained. However, it is very difficult to incorporate these factors into the model. It is thought that the proposed model technologically shows appropriate results despite admittedly limited verification based on experiment results. It will be necessary to verify the proposed model using more ample experimental results in the future.
Effective diffusion coefficient of chloride ions in concrete
The influence of the arrangement of aggregates on the dispersion of D c is analyzed through a numeric experiment. As a result, the coefficient of variation of D c is found to be 0.04. Like in the case of mortar, the arrangement of aggregate on dispersion is considered to be small. Figure 22 shows the influence of ITZ on the diffusion of chloride ions in concrete. In the case of non-ITZ (see right figure) , it is found that the diffusion of chloride ions is interrupted by the aggregates. On the other hands, in the case of ITZ (see left figure) , chloride ions can diffuse past the aggregates. The effective diffusion coefficient of chloride ions in the ITZ case and the non-ITZ case are 7.3 × 10 -12 (m 2 /s) and 1.3 × 10 -12 (m 2 /s), respectively. Based on this result, ITZ has quite a large influence on the diffusion of ions in concrete. Therefore, it can be concluded that ITZ should be taken into account for simulating the diffusion in cementitious materials.
Conclusions
(1) A prediction model for the thickness of the interfacial transition zone based on the mix proportions is proposed. The predicted thickness coincides well with previous research works.
(2) A prediction model for the effective diffusion coefficient of substances in cementitious materials taking into consideration the spatial properties of composite materials is proposed. Comparing the prediction results and the previous experimental results, the tendency of the relationship between W/C and the effective diffusion coefficient of chloride ions in concrete is similar to that of the experimental results. It is thus concluded that the proposed model may predict the effective diffusion coefficients of substances in cementitious materials with reasonable accuracy. In this model, the pore structure of cement paste is very simplified. Thus, it is necessary to examine the correspondence of a modeled pore structure and an actual pore structure.
(3) The influence of the spatial properties of each composite material on the dispersion of the effective diffusion coefficient is analyzed through a numeric experiment. The arrangement of cement particles is found to have a greater influence on dispersion than the arrangement of aggregates.
(4) The influence of the interfacial transition zone on the diffusion of chloride ions in concrete is analyzed. From the results, the influence of the interfacial transition zone on the diffusion of ions in concrete is found to be quite large. Therefore, it can be concluded that the interfacial transition zone should be taken into account for simulating diffusion in cementitious materials. 
